FUTURE WORK
The next step in developing and refining the hybrid synthesis method is to implement an improved problem formulation. Although the methods presented here for materials with extreme elastic properties do produce notable results, the problem formulation does not directly address all the issues associated with CM design. A new formulation is currently being developed which addresses these issues, such as meeting two conflicting design requirements of maximizing compliance for kinematic motion and maximizing stiffness for structural purposes, e.g. grasping a workpiece.
Another further direction of this research is to develop a library of RLM models to serve as initial guesses for the optimization routine. The star mechanism presented in this paper is just one example of many RLM's that could be used for this purpose. In fact, several RLM building blocks can be combined into a hierarchical mechanism that serves as the initial guess. Another CM was designed using this method for a Poisson's ratio equal to 0.5. This mechanism should contract laterally when stretched, and vice versa. The initial guess was created using the RLM synthesis program for the star mechanism topology, and the corresponding lumped CM model is shown in Figure 8 . Notice the regions of lumped compliance at the flexural hinges in this model. This lumped CM model serves as the initial guess for the optimization routine, and the resulting homogenized image is shown in Figure 9 . Notice that there are no regions of lumped compliance in this distributed compliant solution.
This homogenized result does require some interpretation and is shown in Figure 10 . The behavior of this CM was verified using another finite element model as well. Again, because of the symmetry in the mechanism and in the loading, only a quarter of the model is required for analysis. The upper left hand quarter is shown in Figure 11 , both in its undeformed and deformed shape. Notice that his CM behaves as expected.
CONCLUSIONS
The hybrid synthesis method begins with a RLM, which is transformed into a lumped CM and represented in a finite element model. This model is then used as an initial guess for the optimization routine, and a distributed compliant solution is generated via homogenization. The two design examples presented here illustrate that providing a suitable initial guess based on a known RLM topology does facilitate the convergence of the optimization routine for synthesizing distributed CM's. In both cases, the homogenization method converged to a physically meaningful solution. The results also illustrate that by representing the mechanism behavior in terms of a Poisson's ratio, distributed CM solutions can be generated using the methods for materials with prescribed elastic properties. Furthermore, the additional FEM verification analysis proves that the behavior of the final CM design meets the problem specifications.
requirements. An example of a RLM that displays this negative Poisson's ratio behavior is shown in Figure 3 (termed the "star mechanism"). It is also interesting to note that the star mechanism is kinematically equivalent to the extremal material microstructures generated by Sigmund, Almgren, and Lakes. This same mechanism topology can be used to generate any ratio of input to output displacement and any angle between the line of input and output displacement.
To generate a CM using the hybrid synthesis method, the star mechanism topology was represented as a finite element model, which is in fact a lumped CM. This lumped CM model then serves as the initial guess for the optimization solver. The desired output is a distributed CM that displays a particular Poisson's ratio behavior, e.g. the ratio of input to output displacement is -1 or .5.
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Problem Formulation
The optimization problem is posed as one of minimization of the weight of a unit cell, W, subject to equality constraints on the elastic tensor, D, and is solved via topology optimization methods. An inverse homogenization technique is used to distribute two materials (in this case a strong one and a very weak one) in the unit cell, so that the prescribed constitutive parameters are satisfied. To simplify the resultant topology, use of the strong material is minimized. The problem formulation for the continuum problem is shown in 
where ρ is the base material density, ρ upper and ρ lower are bounds on the design variable, Ω is the design domain (the unit cell), p is a penalty exponent to minimize intermediate values of ρ, D H are the achieved "average" properties calculated by the homogenization method, D* is the set of prescribed constitutive coefficients, and NI is the number of elastic coefficients to be designed. This continuum problem formulation is transformed into a discrete (finite element) problem formulation, using one design variable, ρ e , per element. The problem formulation for the discrete problem is shown in Equation 2 
where NE is the total number of elements, A e is the area of each element, and Q e is the element mutual energy. The solution technique uses methods for constrained optimization, such as optimality criteria and sequential linear programming (SLP).
Examples
To start with, a dimensional synthesis program was used to calculate the appropriate link lengths and joint locations for a rigid-link star mechanism that behaves as if Poisson's ratio is equal to -1. This mechanism should expand laterally when stretched, and vice versa. This RLM topology is then transformed into a lumped CM and modeled with finite elements, as shown in Figure 4 . Notice that regions of lumped compliance, or flexural hinges, exist in this model. This finite element model then serves as the initial guess for the homogenization routine. The result of the optimization, the homogenized image, is shown in Figure 5 . Notice that the topology has changed and that the mechanism behavior should be such that it contracts laterally when compressed. Also notice that there are no regions of lumped compliance in this distributed compliant solution.
As is usually the case with the results of topology optimization, the homogenized images require some interpretation or even further shape optimization to obtain the final design. An interpretation of this result, the final distributed CM design, is shown in Figure 6 .
To verify that the mechanism behavior was as expected, this result was analyzed further using a finer finite element mesh. Because the mechanism and the loading is symmetric, only a quarter of the CM is required for analysis. Figure 7 shows the upper left hand quarter of this model, both in its undeformed and deformed shape. Notice that the CM does behave as was intended.
posed for certain loading conditions and difficult to implement numerically. Two other formulations that were successfully implemented are the spring model and multi-criteria model. The most notable aspect of the spring model is that it captures the effect of resistance of the workpiece by incorporating a spring at the output deflection location. The multi-criteria model captures the behavior of the mechanism both before, where the mechanism should be flexible, and after, where the mechanism should be stiff, contacting the workpiece. Both these methods are wellposed problems and are able to be implemented numerically, but there is no specific control over the direction and magnitude of the output deflection.
A similar approach to the one proposed in this paper is currently being developed by Sigmund (1995b) . This approach also uses topology optimization to design mechanisms, starting with an elastic truss microstructure instead of an array of rectangular cells. The resulting mechanisms are truss members connected by hinge joints, or RLM's.
Design domain Force
Required displacement 
MOTIVATION
The kinematic synthesis methods that exist for RLM design are well-defined and widely used. However, these methods cannot be directly applied to the synthesis and design of CM's. Because energy is stored in the deformation of members and joints in CM's, energy is not conserved between the input and output. Also, there are a large number of possible designs created when CM's are enumerated. These effects, along with the fact that material properties and forces must be considered in addition to geometry, make the methods developed for RLM synthesis incomplete for CM synthesis. Much of the current CM design is done without the aid of synthesis and is based on the designer's intuition and experience. Several trial and error iterations using finite element models are often required to obtain the desired mechanism performance. Because of the fundamental differences between RLM's and CM's and lack of practical CM design experience, novel systematic synthesis methods are needed for CM design.
The kinematic approach taken by Midha and others and the structural optimization/continuum approach taken by Ananthasuresh can be improved upon through the development of a hybrid synthesis method. The hybrid approach proposed here combines aspects of both the kinematic and continuum approaches into a single method. Knowledge from the kinematic synthesis methods is used to "guide" the homogenization process by providing a suitable initial guess for the optimization routine. Generally, the solution of these type of optimization problems is highly dependent on the initial guess. Ananthasuresh's structural optimization/continuum method begins with a uniform material distribution (essentially a blank sheet of paper), and has difficulty converging to a meaningful solution. Instead of beginning with a uniform material distribution throughout the design domain, the hybrid method uses one or more RLM topologies as an initial guess for the optimization material distribution problem. This thoughtfully selected initial guess makes it more likely that the homogenization routine will converge to an optimal CM solution, and serves as the motivation for the new hybrid synthesis method.
HYBRID SYNTHESIS METHOD
In the investigation of a suitable optimization problem formulation for the hybrid synthesis method, an interesting correlation between compliant mechanisms and material microstructures with extreme elastic properties arose. The hybrid method of synthesis of distributed CM's is illustrated in the following sections using a design example of synthesizing materials with extreme elastic properties (e.g. Poisson's ratio = -1).
Compliant Mechanisms and Materials with Extreme Elastic Properties
Insight on CM behavior can be gained by investigating the work done in designing material microstructures with prescribed elastic properties (Sigmund, 1993 , 1994 , 1995a , Fonseca et al, 1995 . This area of research involves using topology optimization to predict the minimum weight material microstructure subject to a specified elastic tensor (Young's modulus and Poisson's ratio). Microstructures can be generated even for isotropic materials with extreme elastic properties, such as Poisson's ratio close to -1. Unlike ordinary materials, these materials expand laterally when stretched and contract laterally when compressed.
Many researchers such as Sigmund, Almgren (1985) and Lakes (1987 Lakes ( , 1991 have studied materials with extreme parameters such as negative Poisson's ratio. They point out that these extremal materials display mechanism-type behavior, and actually model these materials as mechanisms with rigid links and elastic joints. It is interesting to note that these material models are in fact partially or lumped CM's. Therefore, it should be possible to adapt the optimization methods developed to generate these materials to synthesize CM topologies.
As a first attempt, the mechanism behavior is represented in terms of the material elasticity tensor. For example, a mechanism that contracts laterally when compressed and expands laterally when extended can be thought of in terms of a material microstructure with Poisson's ratio of -1. By specifying the mechanism behavior in terms of a Poisson's ratio, material microstructures/CM's can be generated that meet the mechanism
Lumped vs. Distributed Compliance
CM's with distributed compliance are generally preferred over those with lumped compliance. In lumped CM's the stresses and strains are concentrated in certain areas, which are prone to fatigue and eventual failure. Distributed CM's, on the other hand, do not contain these concentrated areas of high flexibility because the mechanism is flexible as a whole. This results in improved reliability and performance. Another reason that lumped CM's are preferred over distributed CM's is due to manufacturing concerns. Single piece distributed CM's lend themselves to simple manufacture by injection molding or extrusion. In injection molding, it is desirable that the cooling rate be uniform during processing in order to minimize warpage. The thin areas at the compliant hinges of a lumped CM will cool at a faster rate than the other areas, causing warpage. A distributed CM, on the other hand, has no disproportionally thin areas at compliant hinges because all parts of the mechanism contribute to the flexibility, lending itself to ease of manufacture.
Applications and Benefits of Compliant Mechanisms
CM's are particularly suited for applications where a small range of motion is required. Practical applications include micro electro-mechanical (MEMs) devices, automotive and aerospace systems, hand-held tools, flexible manufacturing devices, and smart materials and structures. Fully CM's offer the considerable advantage of single-piece construction and simple manufacture. The efforts to develop single-piece distributed CM's give rise to a new concept in mechanical design, design for no assembly. This is an important concept because it eliminates the need for assembly, as well as the need to design, fabricate, and store numerous parts. Furthermore, single-piece CM's can be fabricated by injection molding or extrusion, using materials that are lighter in weight than conventional RLM materials. In addition to simplicity of manufacture and weight reduction, problems with joint wear, backlash, noise, and the inaccuracies due to joint clearance, as well as the need for lubrication are eliminated. There is no need to include restoring springs, as are incorporated with many RLM's, to return the mechanism to its original position because this restoring energy is stored in the CM itself. Also, CM's can be easily equipped with many different types of non-mechanical actuation such as thermal, fluid pressure, piezo-electric, and shape memory materials.
RELATED WORK Kinematic Synthesis Approach
Pioneering efforts in developing systematic methods for CM synthesis were made by Midha and his associates. The methods they developed use knowledge from traditional kinematics as a basis for CM synthesis, beginning with a known RLM and converting it to a partially compliant or fully CM with lumped compliance (Midha et al 1992a , 1992b , Murphy et al, 1994a , 1994b , Her and Midha, 1987 . Murphy, Midha, and Howell (1993) have developed a CM synthesis method that is based on the methods for RLM's using graph theory. This mathematical representation is useful in determining many possible basic kinematic chains by varying the compliance content of the rigid links and joints.
Another tool developed to aid in the synthesis of fully compliant mechanisms with lumped compliance is called the pseudo rigid-body model (Howell and Midha, 1994a, b, c, d) . This method can approximate the behavior of fully CM's with large deflections by assuming that the members are cantilever beams and developing the equivalent rigid member/torsional spring model to approximate the deflections in analysis. This method can also be used for synthesis of lumped CM's, where the mechanism behavior is such that links can be assumed to be rigid and the flexural pivots can be assumed to act as torsional springs.
Structural Optimization Approach
The kinematic synthesis methods developed by Midha and others are applicable only where the desired CM is either partially compliant or fully compliant with lumped compliance. The approach taken by Ananthasuresh uses the techniques of structural optimization and the homogenization method (Ananthasuresh, 1994 , Ananthasuresh et al, 1993 , 1994 as a first attempt at developing distributed CM solutions. Homogenization theory was developed to solve structural optimization problems based on optimality criteria methods. The method provides an optimal topology, shape and size for structures with maximum stiffness and a prescribed material resource constraint (Bendsoe et al, 1988 (Bendsoe et al, , 1993 . It divides the design domain into rectangular cells consisting of material and void, as shown in Figure 2 . Here the design variables are α and β, which define the dimensions of the void in the cell, and θ, which defines the orientation of the cell. The homogenization method determines the optimal material distribution based on the applied loads and constraints and a predetermined resource constraint. The result of the homogenization method is a homogenized image, which is a finite element representation of the optimal topology. The optimal material density of each element or cell is characterized in gray scale, where black represents the most dense material and white represents void.
Ananthasuresh (Ananthasuresh, 1994 , Ananthasuresh et al, 1993 , 1994 proposed six different problem formulations based on structural optimization and implemented them using the homogenization method. He posed the compliant mechanism synthesis problem as one of "design for desired deflection", where the goal is to achieve a specified displacement at a particular point, as shown in Figure 2 . Several formulations were proposed where the goal is to minimize compliance subject to displacement and weight constraints, but these were often ill-
INTRODUCTION
Compliant mechanisms (CM's) are a new breed of mechanisms in which elastic deformation is intended as a source for motion. The flexibility of the CM provides the motion, and hence its ability to do useful work. This is in contrast to rigid-link mechanisms (RLM's), where motion is obtained by rigid links rotating about pin joints. The motion of the RLM is determined by simply assuming that all of the links are rigid and free to rotate at the joints, and then analyzing the relative link lengths and orientations. Because of the flexibility of CM's, one must consider not only link geometry, but material properties and the method and application of the load when designing and analyzing CM's.
Classification of Compliant Mechanisms
CM's can be classified into several categories, as shown in Figure 1 . The main classification, as described by Midha and others (1992a) , is that of fully compliant and partially compliant. In fully CM's all the members and joints exhibit some flexibility. Partially compliant mechanisms, on the other hand, contain some rigid members or joints that behave like RLM joints. Notice that the partially compliant four bar mechanism in Figure 1 contains a flexible coupler link (Midha et al, 1992a ). Here we introduce a new classification of fully CM's, that of lumped and distributed compliance. In lumped CM's, the flexibility is concentrated in localized areas, usually at flexural hinges. This is demonstrated in the fully compliant four bar mechanism of Figure 1 (Towfigh, 1969) . In distributed CM's, the flexibility is not concentrated in specific areas, but is distributed throughout the mechanism. Here there are no joints, so to speak, but a one-piece fully compliant continuum, as shown in the fully compliant crimping mechanism of Figure 1 (Ananthasuresh et al, 1993) .
